The purpose of this work is to prepare ionically cross-linked (with CaCl 2 ) gellan particles with immobilized yeast cells for their use in repeated fermentation cycles of glucose. The study investigates the influence of ionic cross-linker concentration on the stability and physical properties of the particles obtained before extrusion and during time in the coagulation bath (the cross-linker solution with different CaCl 2 concentrations). It was found that by increasing the amount of the cross-linker the degree of cross-linking in the spherical gellan matrix increases, having a direct influence on the particle morphology and swelling degree in water. These characteristics were found to be very important for diffusion of substrate, that is, the glucose, into the yeast immobilized cells and for the biocatalytic activity of the yeast immobilized cells in gellan particles. These results highlight the potential of these bioreactors to be used in repeated fermentation cycles (minimum 10) without reducing their biocatalytic activity and maintaining their productivity at similar parameters to those obtained in the free yeast fermentation. Encapsulation of Saccharomyces cerevisiae into the gellan gum beads plays a role in the effective application of immobilized yeast for the fermentation process.
Introduction
Saccharomyces cerevisiae has been used for thousands of years as yeast in the fermentation processes for human household interest, especially for the production of wine, brewer's yeast, and doughs. The preparation of native yeast, even when required in large quantities in industrial applications, is a facile and low-costing process. Over many years, researchers appear to have overlooked the possibility of its immobilization on macromolecular or any other kind of solid support [1] . Nevertheless, recent studies [2] [3] [4] have pointed out the interest of attaching yeast to polymeric matrices. The following practical advantages of using immobilized yeast cells are important for industrial scale-up: (a) increasing productivity of the fermenter which will permit the use of important flow rates in a continuous operating mode, avoiding the yeast cells destruction and obtaining of high yields in the fermentation processes [5] [6] [7] ; (b) improving the process control, which is done by the continuous operation, product separation, and removal of the metabolic inhibitors, as well as by the improving product recovery (continuous extraction); (c) permitting recycling of the biological catalyst; 2 International Journal of Polymer Science (d) maintaining the biocatalyst in a stable and active state (the extension of the stationary phase); (e) protecting sensitive cells against destruction (e.g., shear forces); and (f) reducing the risk of microbial contamination.
Over the last three decades, an increased interest has been shown by researchers in the use of natural polysaccharides as building matrices (spheres, capsules, fibers, or membranes) for the immobilization of microbial, plant, or animal cells. New technologies using immobilized cells on polymer matrices have been elaborated, with various practical applications, such as in the biomass production, the preparation of high value compounds, the biological treatment of polluted waters, the controlled drug release, and the microbial biosensors [5, [7] [8] [9] .
Cell immobilization has been defined as the attachment of the cells or their inclusion in a confined zone of space in such a way as to maintain their catalytic activity and, if possible or necessary, to be used repeatedly or unlimitedly. Yeasts, especially Saccharomyces species, are generally chosen for the production of ethanol due to an important fermentation capacity, a good tolerance to ethanol and other inhibitors, and their capability of rapid growth under anaerobic conditions which are characteristic of fermentation processes [10, 11] .
Numerous cell immobilization techniques have been developed by using physical (adsorption, inclusion into porous polymers as films, particles, or microcapsules) or chemical covalent linkages to the macromolecular support [1, 12, 13] . Several authors have employed physical localization on granular matrices as it offers better protection of immobilized biocatalysts [14, 15] . This can be done by applying milder conditions as those used for the production of spherical microparticles, with application as column filling materials.
It is important to note that coimmobilization based on biological polymers is more widely used due to its nontoxicity and biocompatibility. For these reasons, polysaccharides represent by far the most often analyzed polymer class for this application, as they can be found in nature and are easily obtained and chemically modified. Different types of polysaccharides used include alginic acid, most commonly investigated [16] [17] [18] [19] , carrageenan, chitin and chitosan, gellan gum, and pectin and agar gum [20, 21] , and cellulose-based materials [22] . Polysaccharides constitute a highly flexible, biocompatible, and nontoxic matrix that confers protection and stability to immobilized cells [1, 23, 24] . Therefore, this choice of the polymeric support is preferred for immobilizing yeast cells subject in order to obtain favorable process conditions. The inclusion of the yeast cells in alginates by ionotropic gelling process in the presence of a variety of divalent and trivalent ions has been extensively applied in the immobilization technologies [25] . However, the poor structural stability of the alginate particles immobilized with yeast cells opens the way for the use of synthetic polymers as matrices for the cell immobilization [19, 26] . Polyacrylamide gels were found to be suitable for the immobilization of yeast cells as they present higher stability than the alginates [27] . Some approaches made to stabilize the alginate gels include direct covalent cross-linking and covalent grafting of alginates with synthetic polymers. Moreover, the density and the mechanical strength of the alginate gels may be increased by incorporating inorganic materials such as silica, sand, and aluminum [15, 28] . Other types of commonly used substrates are glass or ceramics [29] , -alumina [30] , silica sol-gel films [31] , polyacrylamide gels [32] , and combinations of various materials [33] . Silicon-based materials have attracted attention because of the physical and chemical properties of silica, such as Si-O bond strength (425 J⋅mol −1 ) which provides great stability. Another method used to increase the strength of the alginate gels consists in the coating of the hydrogel particles obtained by ionic cross-linking, in the presence of various cations such as calcium and barium, with a layer of silica gel [34] .
The choice of support for the yeast cells immobilization is essential. The characteristics which must be fulfilled are good mechanical and chemical stability, nontoxicity, and biocompatibility with cells as well as high diffusion coefficient for both substrates and for fermentation products [35] .
Gellan gum is an extracellular anionic heteropolysaccharide obtained by commercial fermentation of a pure culture of bacterium Sphingomonas elodea. According to O'Neill et al. [36] , gellan gum is composed of tetrasaccharide (1.3--Dglucose, 1.4--D-glucuronic acid, 1.4--D-glucose, and 1,4--L-rhamnose) repeating units with a molar ratio of 2 : 1 : 1 containing about 1.5% acyl groups as acetyl and glycerate molecules per unit (Figure 1) .
Gellan, as spherical particles obtained by ionotropic gelling process, has already been used to immobilize yeast cells and a biocatalyst, with real application in the sparkling wine production technology, was obtained [37] .
Tan et al. [38] have immobilized yeast cells using gellan as support by an emulsifying method and have indicated the possibility of reusing the resulting microbioreactors. The production of ethanol during the first three cycles was comparable to that obtained in the presence of free yeast. Moreover, these authors have demonstrated that the microbioreactors are stable and readily recovered from the fermentation medium by filtration and can be reused for at least 10 cycles of fermentation with a relatively high yield of ethanol [38] .
The importance of minerals in the fermentation and distillation processes has been long time overlooked. However, the metal ions have a significant impact on important parameters, including the conversion rate of sugar into ethanol, the final yield in ethanol, the growing and multiplying yeast, the cell viability, the stressors, and the yeast flocculation behavior [39, 40] .
The purpose of this study is related to the preparation of bioreactors in the form of gellan spherical particles containing immobilized yeast cells and ionically cross-linked with CaCl 2 by using the extrusion method. CaCl 2 was selected as a cross-linking agent as the calcium ions may play an important role in protecting yeast cells from the toxic effects of ethanol. This characteristic is also valid for the magnesium or zinc ions. The calcium ions, in high concentrations, can replace the magnesium in a number of biochemical processes which can lead to cell growth and to maintaining the cell viability. Also, increasing the calcium concentration in the fermentation medium has a buffer effect which prevents the increase of pH in the environment and leads to an increased fermentation efficiency [41, 42] . The originality of this study is primarily related to the pregelification of the gellan solution, before the capillary extrusion, using low concentrations of CaCl 2 which leads to a viscosity increase of the polysaccharide solution. This increased viscosity promotes the extrusion process and increases the stability of the obtained particles. Another original aspect is the assessment of structural stability by turbidimetric determination of the aqueous or alcoholic medium in which the particles are suspended. For the first time, the swelling capacity in aqueous media of the particles with immobilized yeast cell was evaluated as a function of the cross-linking degree. It is well known that this feature has an influence on the substrate diffusion and also on the diffusion of fermentation products in and out of particles.
The obtained particles were characterized morphologically and physicochemically and their fermentative activity was tested and compared with that obtained in the presence of free yeast. The recovery and the recycling of these particles were also investigated.
Materials and Methods

Materials.
Kelco Biopolymers supplied gellan of the KELCOGEL food grade type having a molar mass between 2 × 10 5 and 3 × 10 5 Da for deacetylated gellan. Calcium chloride was used as solution, in distilled water, with concentrations between 1% and 3% (wt).
For immobilization, a commercial bakery yeast strain in a compressed form was used, from Pakmaya-Romania, with a cell content of 30%.
Saccharomyces cerevisiae cell characteristics are as follows: diameter is 2-8 m; volume is 0.8-2 × 10 −3 cm 3 ; mass is 0.2-0.4 × 10 −10 g; number of cells/g is 8-14 × 10 9 ; and specific surface is 8-14 × 10 9 (m 2 /g). This type of yeast was selected due to the fact that it represents a cell biomass of the top fermenting yeast and is composed of living cells capable of producing fermentation of sugars without requiring a culture medium. These cells absorb the easiest hexoses (glucose) and then sucrose and maltose [43] [44] [45] [46] [47] . Glucose monohydrate was supplied by S.C. Chemical Company S.A., Ias,i, Romania. The suspension of yeast in water (1.25 g/5 mL, containing 0.375 g cells) was mixed with the gellan solution at 40 ∘ C and stirred for 10 minutes, at 450 rpm, until the mixture became homogeneous and the obtained gel was cooled to 30 ∘ C. The gel containing the yeast cells (preextrudate) was added dropwise (extruded) at a constant force from a syringe (inner diameter of the needle: 600 m; length of the needle: 30 mm) into a concentrated solution of calcium chloride in water (125 mL, with different concentrations: 2, 3, and 4 g CaCl 2 /100 mL). Upon contact with CaCl 2 solution, ionotropic gelification transformed the drops into gelled particles. After 1 hour of stabilization in the concentrated solution of calcium chloride, the particles containing the yeast immobilized in gellan were separated by filtration. The water swollen particles were stored at 4 ∘ C in sealed containers before characterization.
Methods
Preparation of the
Particles Stability.
Gellan particles with immobilized yeast cells were suspended in the supernatant (cross-linking solution) for 24 h and after that in distilled water for another 48 h in order to determine their stability in time. After 12 hours, yeast cells and gel fragments were detached having as consequence the increase of the suspension turbidity. Particles, with and without encapsulated yeast, were stored either in the supernatant (from the coagulation bath) or in double-distilled water. Between analyses, the particles immobilized with yeast cells were stored at 4 ∘ C in sealed containers.
Cell immobilization in gellan particles, as well as in other polymers, protects the biocatalyst from the medium, sometimes aggressive, in which the fermentation takes place. It is required that these particles be stable in alcoholic solutions (formed after fermentation) with a concentration of 80 g⋅L −1 , which can justify the separation of alcohol by distillation and also enable their reutilization. For this reason, several types of particles were analyzed in terms of stability in an alcoholic solution of 100 g⋅L −1 , by monitoring the transmittance of the alcoholic medium, in which they were suspended, at various time periods (between 12 and 84 hours). The transmittance measurements must be carried out under identical conditions to those at which the fermentation occurs. Thus, before each measurement of the transmittance, the samples were maintained at 30 ∘ C, the temperature at which the fermentation process occurs, for 255 min, which is the duration of a fermentation cycle.
Turbidity determinations of the suspension medium were used as a qualitative indication of mechanical stability, particles integrity, and immobilization yield. This property was evaluated by measuring transmittance of suspensions at 550 nm on a BOECO S22 UV-VIS spectrophotometer. The transmittance measurements were performed in triplicate and the standard deviations were within limits of ±0.3%.
Viability and Amount of Immobilized Yeast Cells.
This analysis was performed in order to determine whether the immobilized particles are stable and whether the cells maintain their viability in the medium in which they are stored. It is considered that a higher quantity of cells may diffuse in the storage medium from the less stable particles.
The cell viability and number of yeast cells in the immobilized yeast suspensions were determined using an optical microscope and a counting chamber. The yeast cells, in dilute solution, were treated with methylene blue in order to reveal the physiologically inactive cells. Under the action of methylene blue, inactive cells were colored in blue, whereas the active ones were colorless. This phenomenon appears as a consequence of the fact that reductases are only active in reducing the methylene blue in active living cells. Nonviable cells (autolysed) were counted with the counting chamber Marienfeld (Neubauer).
The yeast cell concentration (number of yeast cells/ml) in the extrusion solution was determined after 12 and 24 hours, respectively. Then the particles with immobilized yeast cells were washed and resuspended in double-distilled water and the cell concentration was determined after 24 hours and 48 hours, respectively.
Depending on the number of living and dead (autolysed) yeast cells found in the extrusion solution, after 12 and 24 hours, respectively, cell viability ( ) determinations were made as a percentage of living cells to total cells counted in the supernatant, according to the following equation: The number of cells counted in the suspension solutions versus the relative mass of immobilized cells (g) was used to draw the plot given in Figure 2 . The theoretical quantity of immobilized cells was determined as the difference between the initial amount of yeast cells used and the number of yeast cells found in the supernatant (the medium in which particles with immobilized cells were suspended). The cell viability measurements were performed in triplicate and the standard deviations were within the limits (±0.3%).
The following procedure was used in order to determine if the cells proliferate in the polymer matrix between different fermentation cycles. From each sample tested for the fermentative activity, 2-3 particles were precisely weighted and then mechanically disrupted by means of ULTRA-TURRAX at 2000 rpm in 100 mL of double-distilled water in order to obtain a homogeneous dispersion of the cells. By staining these cells dispersion with methylene blue, using the method described above, the cell concentration and the cell viability in the particles were determined. It was possible to evaluate the amount of particles which is found in the cells after each fermentation cycle (g cell/g particles) by taking into account the number of cells/ml (cell concentration) of the drawn calibration curve.
Swelling Degree of the Particles.
As the particles obtained in this study have a hydrogel behavior, it was worthwhile to calculate their swelling degree (SD%). A known amount of dry samples ( dry ) was suspended in 5 ml of water at 30
∘ C and the mass of the swollen sample ( swollen sample ) was determined by weighing the particles every hour until the amount of retained water remained constant. The mass of water retained ( water ) represents the difference between the mass of the swollen sample and the mass of the dry sample. The swelling degree was calculated using the following equation:
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Analysis by Scanning Electron Microscopy (SEM).
Gellan particle morphology, in both wet and dry forms, with and without immobilized yeast, was analyzed by scanning electron microscopy, using HITACHI SU 1510 ( Figure 5 ). Water swollen particles prepared as cross-sectional on ice sample were analyzed. The dried particles were metalized with gold (cathodic spraying device, 108 Cressington Auto) for SEM examination.
The Fermentative Activity of the Gellan Particles with
Immobilized Yeast Cells. The ability of the particles with immobilized yeast cells to function in glucose fermentation was tested using a glass fermenter with a volume of 200 mL; the glucose solution contained glucose (4 g), distilled water (50 mL), and CaCl 2 (0.15 g) and was adjusted to pH 5. Although it is not considered a critical factor to affect the performance of the fermentation, the pH plays an important role in the uptake of the metal cations of the yeast cells during fermentation. Previous research reported that the optimum pH for the fermentation medium is between 4.5 and 5 [48] [49] [50] .
Fermentation was conducted in a cylinder at 30 ∘ C and the emitted CO 2 was monitored in order to determine the amount of fermented glucose and thus the process productivity. Fermentation cycles last 255 minutes, and the amount of released CO 2 was recorded every 15 minutes. After each fermentation cycle, the particles with immobilized yeast cells were recovered, washed with double-distilled water in order to remove the glucose and calcium chloride excess, and stored at 4 ∘ C until use in the next fermentation cycle. Fermentative activity of the free yeast was compared with the fermentative activity of the particles with immobilized yeast cells. For this purpose, an equal amount of free yeast to that present in the immobilized particles was used for fermenting the same volume and concentration of the glucose solution under identical operating conditions.
Specific Productivity and the Fermentation Rate.
Theoretically, the amount of ethanol formed can be calculated on the basis of the measured volume of CO 2 because, under the chosen operating conditions, the alcoholic fermentation is the only metabolic activity of the yeast. The calculations are performed based on the following glucose fermentation reaction:
The specific productivity in ethanol was determined as follows: the fermentation plot: CO 2 measured volume CO2 (ml) versus time (min).
The amount of CO 2 (in ml/min) is calculated from the slope of the linear section of the curve.
The volume of gas at 0 ∘ C (273 K) is calculated based on the volume of CO 2 (ml/min), obtained in the previous step, at the collection temperature of 30 ∘ C (303 K). The volume of gas at 0 ∘ C will be expressed in l/h.
The flow of ethanol (g ethanol /h) is determined from the equation of the glucose fermentation:
The specific productivity [g ethanol /(h × g yeast )] is the ratio between the ethanol flow and the mass of dry yeast. The amount of compressed yeast used for each sample was 1.25 g. The total amount of dry yeast represents 30% of the total compressed yeast and is equal to 0.375 g.
The fermentation rate is calculated as the slope of the linear portion of the glucose fermentation yield curve versus time for a period of 0 to 45 min.
Results and Discussions
Of special interest to saccharide fermentation is the utilization of yeast with high activity along with the ability to be recovered and recycled in repeated fermentation cycles. Reusing the yeast for repeated fermentation cycles becomes possible by its encapsulation into polymeric matrices. Spherically shaped matrices are preferred, as they insure a larger contact surface (at minimum volume) with the medium in which the fermentation substrate is dissolved. The mechanical stability of the particles can be enhanced, in principle, by ionic cross-linking with bivalent metals ions to form salt bridges with the carboxylate substituent of the polysaccharide chains.
In the absence of yeast, the preliminary tests showed that the particles obtained were characterized by good mechanical stability even after a long period of storage. The presence of yeast cells in the polymer matrix, which are significantly larger than calcium ions, determines the steric hindrance which influences negatively the network formation and accordingly its mechanical stability.
Yeast cell is an electrically charged colloid and may lose the electrical load or change the sign. It is positively charged in the fermentation medium but, after a period of time, budding occurs and it becomes negatively charged. At the end of the fermentation, the electric charge of the yeast cell will become positive again [51, 52] .
The calcium ion can adhere to the negatively charged cell plasma membrane and thus increase its stability to stressors that may occur in the fermentative processes [41, 53] . In this manner, yeast cells could assist in the reinforcement of the network and as a consequence increase its mechanical stability. The final influence on the stability of the encapsulated particles containing yeast cells is a function of the aforementioned factors. Therefore, to better understand which factors might be predominant, a study was undertaken in order to analyze the turbidity of the supernatant by its transmittance. The cross-linking degree is reflected by the extent of turbidity and therefore different formulations containing particles with and without immobilized yeast cells were investigated at various concentrations of cations, as will be discussed below. A structure representing the gellan network with yeast cells is presented in Figure 3 . In principle, it is possible that, at the end of the extrusion process, some polymer fragments or yeast cells may not be firmly attached to the polymer network and therefore diffuse from it causing an increase of the turbidity in the crosslinking solution.
Obviously, gel strength and the characteristics of immobilized yeast cell systems are influenced by the presence of calcium ions. The alkaline ions can be introduced into the system in the preparation stage of the hot gellan solution, as well as in the precipitation stage in which the gel is dropped into the calcium chloride solution. The process requires the introduction of a small amount of Ca 2+ ions to the gellan solution before extrusion in order to increase the viscosity and thus obtain spherical and stable particles in contact with the cross-linking solution in the coagulation bath during the extrusion.
Preliminary Tests for the Preparation of Hydrogel Particles.
In this study, a number of preliminary tests were conducted in order to establish the parameters which have the greatest influence on the properties of the gellan particles with immobilized yeast cells. It was found that one of the parameters that influence the particles stability is the quantity of Ca 2+ ions used in respect with the mass ratio of CaCl 2 to polysaccharide (mg/g). For a constant quantity of gellan (0.25 g) and yeast (1.25 g), respectively, a volume of 1.25 mL calcium chloride solution, with different concentrations, was introduced in the hot gellan solution leading to different amounts of Ca 2+ ions in the gel. It was observed that the highest value is achieved at a mass ratio of 3.3 mg CaCl 2 /g gellan; a lower value was registered at a ratio of 2.5 mg CaCl 2 /g gellan, suggesting that a higher number of Ca 2+ ions from preextrusion provide better stability for the obtained particles.
The beads containing immobilized yeast were prepared by extruding the gellan-yeast solution dropwise in the coagulation bath that contains different calcium chloride concentrations. The calcium ions in the solution interact with the carboxylic groups or with the surface of the yeast cells, leading to the formation of denser and more stable networks. Therefore, the gel beads become more firm and thus reduce the risk of disintegration but are still able to absorb water to enable swelling. Another parameter that may influence the particles stability is the Ca 2+ ions concentration in the coagulation bath. Tests performed at two calcium ion concentrations in the cross-linking solution revealed that the transmittance value of the supernatant, after 2 hours of storage of the particles in this medium, was over 91.5% and this value increased with the increase of the cross-linker concentration. This effect was expected being caused by a high cross-linking degree of the particles which involves the attachment of the polysaccharide macromolecules via salt bridges at their carboxylate groups.
Another important process parameter which needs to be taken into account is the mass ratio of the material to be immobilized and the polymer that forms the matrix. Thus, some experiments were performed in order to establish the influence of the yeast to gellan ratio (w/w) on particles stability as evaluated indirectly by the turbidity determinations of the supernatant obtained after extrusion. The garnered results indicated that the optimized immobilization efficiency was obtained with yeast to gellan ratio of 5 : 1 (w/w). The suspensions recovered after separation of the particles gave a high transmittance value (>90%). This observation indicates that the optimal ratio accords with the highest limit in which the gellan matrix can incorporate yeast cells. Above this value, the transmittance value decreases drastically having as consequence the decrease of the particle stability. Koyama and Seki [54] have described that a higher amount of yeast may lower the strength of the polymer matrix resulting from the detachment of yeast cells [54] . Based on these preliminary results, a more detailed study was conducted in order to examine the influence of the most important process parameters for the preparation of gellan particles, with and without encapsulated yeast cells. These parameters have a direct influence on the properties of the particles, such as swelling capacity in aqueous solutions, morphology, and biocatalytic activity.
The experimental program and the code for each analyzed sample are presented in Table 1 .
Particles Stability and Cellular Viability.
The transmittance value gives an indication of the stability of the gellan particles, with and without immobilized yeast cells.
Particle stability was evaluated based on the transmittance values of the medium in which the particles were stored over different periods of time. First medium is represented by the solution of the coagulation bath and the second medium is represented by double-distilled water. Table 2 shows transmittance values for particles without yeast cells, stored in these two media.
It was found that the particles are, in general, stable as interpreted by the high transmittance values obtained (over 95%), as shown in Table 2 . As expected, the most stable particles were those obtained in the presence of a solution of 4% CaCl 2 concentration in the coagulation bath (P6).
The transmittance values were found to decrease slightly over time for all the samples in both storage media. Moreover, particles were more stable in double-distilled water probably due to the fact that in the cross-linking solution a large quantity of the polymer fragments was removed and has not been caught in the polymeric network.
For particles with immobilized yeast cells, the turbidity was measured in the different storage media. In this case, the turbidity of the environment can be influenced not only by the polymer fragments, which are not firmly attached to the polymer network, but also by yeast cells which can diffuse from the particles. For the samples containing immobilized yeast cells, the transmittance, the concentration of cells/ml, and the cell viability values were determined at 12 and 24 h. Table 3 shows the results obtained for the particles with immobilized yeast cells at different cross-linker concentrations before extrusion.
With the exception of sample PD4 (with a CaCl 2 concentration of 0.5% added before extrusion and a CaCl 2 concentration of 2% in the coagulation bath), high transmittance values were obtained, even higher than those recorded in the case of the particles without immobilized yeast. This is an indication that the particles with immobilized yeast cells have good stability and that the yeast cells are well embedded in the hydrogel network through interaction with Ca2+, this being the reason why only a very small amount of cells diffuses from the particles. Moreover, it was observed that transmittance values decrease slightly with storage duration in aqueous media and that the cells concentration increased slightly as a function of time. Furthermore, it should be mentioned that the cell viability is very high even after more than 24 hours of storage in aqueous medium with values generally higher than 95%. Similar results were also obtained for the particles with immobilized yeast cells prepared at the different cross-linking agent concentrations in the coagulation bath, as indicated in Table 4 .
As observed from Table 4 , the stability of the particles with immobilized yeast cells remained higher in comparison with those without yeast cells, and it slightly increased with Ca 2+ ion concentration. By comparing sample PD2 to sample PD6, it occurs that the concentration of cells which diffused from the polymeric matrix in supernatant decreased with the amount of cross-linking. Furthermore, the cell viability slightly decreased, but the values were still >90%. Lower cell concentrations were observed in distilled water due to diffusion of some of the cells over the 24 hours in CaCl 2 solution in the coagulation bath prior to the transfer in distilled water.
The use of immobilized cells in successive fermentation cycles involves their storage for long periods of time in an alcoholic medium which can affect the cells integrity.
Upon examination of the results presented in Table 5 , it can be observed that the transmittance values of the alcohol medium in which the particles were suspended are still high even after 84 hours, with the highest values being determined for the particles with the highest level of cross-linking (PD6).
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In conclusion, the particles with immobilized yeast cells are stable in alcoholic medium, which is a requirement for their use in repeated fermentation cycles.
Swelling Degree.
Gellan particles containing yeast cells can be considered as microbioreactors. The substrate fermentation, represented by glucose, occurs as a result of the monosaccharide diffusing into the polymer matrix, where it comes into contact with the yeast cells.
The substrate diffusion into the particles is influenced by the ability to swell in aqueous media and especially by the cross-linking degree.
For this study, it was considered useful to evaluate the ability of the obtained particles to swell in water in order to correlate this characteristic with other properties, including the fermentation capacity. Figure 4 shows the variation of SD% in time for gellan particles with and without the presence of yeast cells obtained with different CaCl 2 solution concentrations in the coagulation bath. Data in Figure 4 show high values for the swelling degree in water which is strongly indicative of the particles possessing hydrogel character.
From Figure 4 , it appears that the maximum swelling degree and the swelling rate decrease with the increase of the cross-linking agent concentration in the coagulation bath. It can be noted, however, that constantly lower values were observed for particles containing yeast cells (Figure 4(b) ) compared with those without yeast (Figure 4(a) ). This expected effect is a consequence of direct contribution of negatively charged yeast cells in their reaction with Ca 2+ . Also, the maximum SD% values for particles with immobilized yeast cells decrease when the cross-linking agent concentration increases.
These results are in concordance with the stability of the particles, evaluated indirectly by the transmittance values of aqueous media in which they were suspended. Particles characterized by a lower swelling degree showed higher transmittance values both when suspended in the supernatant (in the coagulation bath) and in water or in aqueous alcohol solution.
Morphological and Structural Analysis by SEM.
Important information for the particles morphology, with and without yeast cells, was obtained by scanning electron microscopy (SEM). SEM micrographs were performed in the cross section of the dry and swollen in water samples without immobilized yeast cells (P2) and with immobilized yeast cells (PD2), as depicted in Figure 5 .
From Figure 5 , it can be observed that the particles without yeast cells (a) have a porous morphology when they are swollen, while the particles with immobilized yeast cells (b) take a more compact morphology with the cells being well embedded in the polymer matrix due to the salt-bridge binding with the cross-linking agent having the tendency to form agglomerates. Particles morphology is in concordance with their swelling behavior, which accords with the lower values of the maximum swelling degree for particles with immobilized yeast cells. An even larger distribution of the yeast cells was observed in the polymer matrix (PD2) in the dry state where the polymer covers each of the cells.
From the SEM results, it appears that gellan particles contain a large number of yeast cells which are capable of being used in repeated fermentation processes as microbioreactors. evaluation of the possibility of these particles to be reused in repeated fermentation cycles.
The Fermentative Activity of the Gellan Particles with
The results shown in Figure 6 illustrate the variation of yield in glucose fermentation as a function of time, for 5 fermentation cycles, in the presence of particles with immobilized yeast cells, compared to the fermentation of free yeast cells (samples PD2 and PD3 were chosen because they have different degrees of cross-linking).
From Figure 6 , it can be observed that, after 255 minutes, the fermentation yields for both types of particles were higher than those obtained for free yeast. A higher fermentation yield was obtained for PD2 particles, when compared to PD5, even after 5 cycles of fermentation ( Figure 6 ). A plausible explanation is that there are different cross-linking degrees in the two particle types, with PD5 sample having a higher crosslinking degree than PD2 sample. Obviously, the fermentation process is catalyzed by the yeast cells from the polymeric matrix and only a very small percentage of those will be from the fermentation medium, in which a few cells have diffused. The substrate, represented by the glucose solution, diffuses into the hydrogel matrix based on gellan and reaches the immobilized yeast cells, which will catalyze the process.
The intensity of the diffusion is determined by the crosslinking degree of the polymeric matrix (glucose concentration in the fermentation medium is the same in both particles types). It appeared that the diffusion was more intense for PD2, which explains higher fermentation yields, in perfect concordance with the results obtained regarding the swelling degree and the transmittance values of the solutions in which particles were suspended.
Previous research has shown that for the alginate particles ionically cross-linked with CaCl 2 an optimal concentration of 2% of CaCl 2 in the extrusion bath was used in order to obtain an optimal fermentation yield. A lower degree of cross-linking leads to a higher mass transfer due to diffusion of the substrate to the yeast cells within the matrix [15] . The limitation of mass transfer is a problem in the cells immobilization by the inclusion method as cells may retain high viability and high productivity in ethanol only if there is achieved an efficient exchange between nutrients and particles [55] . However, the most important finding of this study is that the particles can be used in repeated fermentation cycles after separation by filtration and washing with double-distilled water. Figure 6 presents yields obtained after 5 fermentation cycles. A surprising observation is that the yields for PD2 are higher for the 2nd and 3rd fermentation cycles than for the first cycle. This phenomenon was also observed for the 2nd cycle of sample PD3. The explanation may be that the cells from the polymer matrix have known a multiplication process after the first cycle. For both particle types, the fermentation was continued until the 10th cycle and the maximum yields achieved were compared, as shown in Figure 7 . For PD3 sample, it can be considered that the yield was relatively constant for all 10 cycles (Figure 7(b) ), while PD2 sample is characterized by some surprising fluctuations in yield. Similar results, regarding the variation of the fermentation yield, were also observed by other researchers. For example, Mariam et al. [56] obtained microbioreactors based on sodium alginate with immobilized yeast cells by ionic cross-linking in the presence of calcium chloride which were tested in terms of fermentative activity. For these systems, the maximum number of fermentation cycles was 6 and the maximum increase of the fermentation yield was observed for the 4th cycle after which the yield drops sharply. The explanation given by these authors for this behavior was that the microbioreactors become unstable after the 4th fermentation cycle and change shape [56] .
The fermentation yield for sample PD3 is almost constant as the particles cross-linking degree is higher compared to sample PD2 and the particles are more stable.
It is necessary to have an efficient exchange of nutrients between the fermentation medium and particles for that yeast cells inside the particles can perform essential physiological functions and also achieve optimal efficiency in the fermentation process.
However, it is worth mentioning that, regardless of the number of fermentation cycles for both samples, the fermentation yield was higher than or at least equal to the yield recorded for fermentation using free yeast cells.
In order to determine if the particles are stable, in the fermentation medium after each cycle, the number of yeast cells in the medium and their amount were determined on the basis of the calibration curve (Figure 2 ). Knowing the initial amount of yeast cells which was immobilized, which is equal to 0.375 g (30% of the 1.25 g), it is possible to calculate the theoretical amount of cells from the particles by subtracting the amount of cells that can be found in the fermentation medium after each cycle. The amount of cell proliferating within the particles has not been taken into account. The previous test was carried out just to demonstrate that the cells are firmly attached to the polymer network and that they do not diffuse in large numbers in the fermentation medium even after repeated fermentation cycles. For sample PD5, these results are presented in Table 6 . Table 6 shows that the number of diffusing cells from the particles is very small compared to the theoretical number of cells that remain trapped in the polymer network. This is a clear indication that particles are stable and can be used in several repeated fermentation cycles.
Assessment of Cell Viability and Cell Amount from the Particles after Each Fermentation
Cycle. Keeping the cell viability during the fermentation process is a prerequisite for the use of particles in several fermentation cycles. In Table 7 are provided the data concerning the cell viability for sample PD2 as a typical example.
From Table 7 , it appears that the cell viability tends to decrease as a function of the fermentation cycles. However, a slight increase in cell viability was observed in cycle 2 probably due to cell proliferation. These high values for cell viability show that the polymer matrix protects the yeast cells from the factors that may affect the cell growth. Figure 8 presents the evolution of the fermentation yield and the amount of cells from the particles after each fermentation cycle. Figure 8 proves that the yeast cells proliferate within the gellan particles. There is a good agreement between the amount of the cells from the particles and the variation of the fermentation yield. After six fermentation cycles, the yield values begin to decrease in concordance with the amount of yeast cells from the particles.
These results show that the particles cross-linking degree is optimal and thus it provides adequate particle porosity necessary for an efficient exchange of nutrients between the fermentation medium and the cells within the particles.
Cells can proliferate within the polymer matrix and the obtained fermentation yields are optimum and comparable to those obtained from the fermentation of free yeast. Moreover, the particles can be easily recovered from the fermenter and can be reused in several fermentation cycles.
Specific Productivity and Fermentation Rate.
It was possible to estimate the process rate values, expressed as % of glucose conversion per minute, as well as the values for the specific ethanol productivity [g ethanol /(h × g yeast )], in the immobilized particles) from the linear zone of the kinetic plots of the fermentation process. These values are given in Table 8 .
The fermentation rate follows a similar trend as the fermentation yield for both samples for all 10 cycles. Interestingly, the value for specific productivity is constant for most of the fermentation cycles for both types of immobilized particles, and it is comparable or even superior to that obtained from the fermentation of free yeast cells.
Conclusions
Gellan is a convenient matrix for the yeast cells immobilization, because it can be easily cross-linked with Ca ions leading to stable particles both in aqueous media and in alcoholic solutions. This feature allows furthermore the use of the obtained microbioreactors in a large number of fermentation cycles. The particles stability is sparsely influenced by the amount of the cross-linking agent before extrusion and in the coagulation bath. However, the crosslinking agent's concentration was found to influence the behavior of particles in aqueous media by affecting the degree of the cross-linking and consequently the diffusion of the substrate into the immobilized yeast cells. The particles without yeast cells showed a slightly porous morphology, whereas those containing yeast cells are more compact probably due to their involvement in the cross-linking. This study has demonstrated the viability of bioreactors based on cross-linked gellan which can be used for a large number of fermentation cycles without losing their biocatalytic activity and also ensuring high values of specific productivity in comparison with the use of free yeast cells. Finally, this study highlights the feasibility of using immobilized yeast cells entrapped in gellan matrix in continuous fermentation processes.
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